Xylosides can induce the formation and secretion of xyloside-primed glycosaminoglycans when administered to living cells; however, their impact on the detailed glycosaminoglycan structure remains unknown. Here, we have systematically investigated how the xyloside concentration and the type of xyloside, as well as the cell type, influenced the structure of xyloside-primed glycosaminoglycans in terms of the heparan sulfate and chondroitin/dermatan sulfate proportion and disaccharide composition. We found that although greatest influence was exerted by the cell type, both the xyloside concentration and type of xyloside impacted the proportion of heparan sulfate and the complexity of chondroitin/dermatan sulfate. The disaccharide composition of the chondroitin/dermatan sulfate was influenced by the xyloside concentration and type of xyloside to a higher extent than that of the heparan sulfate; the proportion of 4S-sulfated disaccharides in the chondroitin/dermatan sulfate decreased and the proportions of 6S-sulfated and/or nonsulfated disaccharides increased both with increasing concentrations of xyloside and with increasing xyloside hydrophobicity, whereas the proportion of nonsulfated disaccharides was primarily altered in the heparan sulfate with increasing concentrations of xyloside. Our results indicate that it is feasible to not only produce large amounts of glycosaminoglycans in living cells but also to fine-tune their structures by using xylosides of different types and at different concentrations.
Introduction
Chondroitin/dermatan sulfate (CS/DS) and heparan sulfate (HS) glycosaminoglycans (GAGs) are linear anionic polysaccharides, commonly 25-100 kDa in size, linked to a proteoglycan (PG) core protein (Turnbull et al. 2001; Sugahara and Kitagawa 2002; Mikami and Kitagawa 2013) . Their biosynthesis is a nontemplate-driven process, believed to be regulated by the specificity of the enzymes involved and their organization in the Golgi. CS/DS and HS share a linkage region tetrasaccharide comprised of one xylose, two galactoses and one glucuronic acid (GlcA), where xylose is linked to a serine residue of the PG core protein. The polysaccharides are composed of repeating units of N-acetylgalactosamine (GalNAc) or N-acetylglucosamine (GlcNAc) and GlcA or iduronic acid (IdoA); in CS, in DS and in HS. DS is commonly found as a copolymer of CS/DS, where the IdoA content can vary from one single IdoA per chain to almost 100% IdoA (Malmström et al. 2012) . The polysaccharides can be modified by O-sulfation at positions 4 and 6 of GalNAc and at position 2 of GlcA or IdoA in CS/DS, and by N-deacetylation/Nsulfation and by O-sulfation at position 2 of GlcA or IdoA, and at position 6 and, more rarely, at position 3 of GlcNAc in HS, thereby rendering GAGs with high structural diversity and complexity.
GAGs are produced by virtually all mammalian cells and are, as a part of PGs, primarily located in the extracellular matrix or at the cell surface where they are involved in many biological processes through direct and indirect interactions with various proteins, such as receptors, enzymes and cytokines (Xu and Esko 2014; Mizumoto et al. 2015) . However, only a few of these interactions have been defined structurally (Xu and Esko 2014) . The interactions between GAGs and proteins may be nonspecific or specific, in which case they may not be limited to one specific sequence in the GAG but rather to several sequences. In addition, the structural characterization of GAGs is extremely difficult due to the high number of theoretically possible structural variants of GAGs and, as yet, not fully understood biosynthesis. Furthermore, there are no standardized methods to screen for GAG-protein interactions, although a few successful attempts have been reported (Gesslbauer et al. 2016; Gray et al. 2017) . Large quantities of GAGs with different structures would facilitate such investigations.
More than 40 years ago, 4-nitrophenyl β-D-xylopyranoside (pNP-Xyl, Figure 1A ) and methylumbelliferyl β-D-xylopyranoside (MU-Xyl, Figure 1B ) were reported to induce the formation and secretion of large quantities of GAGs upon administration to living cells and to concomitantly inhibit GAG production on PG core proteins (Okayama et al. 1973; Schwartz et al. 1974) . Since then, β-Dxylopyranosides, also called xylosides, comprising a xylose residue linked to an aglycon, have been used to study the effects of altered PG synthesis in different cellular processes, for example, nerve growth during development (Hashemian et al. 2014) , hematopoiesis (Spooncer et al. 1983 ) and morphogenesis and differentiation (Smith et al. 1990 ). In the 1990s, xylosides with naphthalene-based aglycons, including 2-(6-hydroxynaphthyl) β-D-xylopyranoside (XylNapOH, Figure 1C ) and 2-naphthyl β-D-xylopyranoside (XylNap, Figure 1D ), were discovered to induce substantial amounts of HS (Lugemwa and Esko 1991; Fritz et al. 1994; Mani et al. 1998) , unlike pNP-Xyl and MU-Xyl, which primarily induce synthesis of CS/DS.
The type of xyloside has been suggested to determine the formation of CS/DS and HS; in addition, xylosides have been suggested to influence the sulfation pattern of the GAGs (Fritz et al. 1994; Victor et al. 2009 ), but detailed knowledge of their impact on the GAG structure is still lacking. Such information could provide insights into the GAG biosynthesis and broaden the applications of xylosides and xyloside-primed GAGs. Therefore, we have here systematically investigated the influence of the concentration of xyloside, the type of xyloside and the type of cell on the structure of PG-derived and xyloside-primed GAGs in terms of HS and CS/DS proportions and disaccharide composition.
Results

The type of cell and xyloside concentration influence the HS and CS/DS proportions xyloside-primed GAGs
To investigate the impact of xyloside concentration on GAG structure, PG-derived GAGs were isolated from culture media of untreated cells and xyloside-primed GAGs were isolated from culture media of cells treated with increasing concentrations of XylNap (10 μM, 100 μM and 1000 μM). The studied cell lines included two fibroblastic cell lines: human breast fibroblasts, CCD-1095Sk cells, and human lung fibroblasts, HFL-1, and three epithelial cell lines: human breast carcinoma cells, HCC70, xylosyltransferase-deficient Chinese hamster ovary (CHO) cells, pgsA-745, and the corresponding wild-type CHO cells, CHO-K1. Disaccharide fingerprinting was performed as described in Materials and methods. Based on these data, the amount of recovered GAGs and the proportions of HS and CS/DS were calculated, including the proportion (out of the total GAGs) of IdoA present in CS/DS in blocks and as alternating or single IdoA-containing disaccharide units and GlcA present in CS/ DS (summarized in Supplementary data, Tables SI-SV) .
The results showed that all investigated cell lines produced GAGs primed on XylNap at all concentrations of XylNap, and that XylNap treatment resulted in a higher amount of recovered GAGs than originally synthesized by the cells (as much as 5-200 times more; Figure 2 ). The amount of recovered GAGs varied between the different cell lines; in general, the fibroblast cell lines produced higher amounts of XylNap-primed GAGs than the epithelial cell lines (at most 8-12 μg per 10 6 cells and 1-3 μg per 10 6 cells, respectively).
The amount of recovered XylNap-primed GAGs peaked at 100 μM XylNap for all cell lines, except for HFL-1 cells for which the amount was similar or slightly increased at 1000 μM XylNap ( Figure 2 ). All investigated cell lines produced GAGs composed of both HS and CS/DS to some extent; however, the proportions of each component differed between the cell lines. As expected from previous reports (Cöster et al. 1991; Lugemwa and Esko 1991; VassalStermann et al. 2012; Persson et al. 2016) , the proportion of HS was lower in the xyloside-primed GAGs than in the PG-derived GAGs ( Figure 3A) . Furthermore, the influence of the xyloside concentration on the proportion of HS appeared to be cell-dependent; the proportion of HS decreased with increasing concentrations of XylNap in the XylNap-primed GAGs from HCC70 cells (from 58% to 21%), it increased with increasing concentrations of XylNap in the XylNap-primed GAGs from pgsA-745 cells (from 17% to 34%), and did not follow any trend based on concentration of XylNap in the XylNap-primed GAGs from CHO-K1 cells ( Figure 3A ). The proportion of HS was minor (<3%) in the XylNap-primed GAGs from CCD-1095Sk cells and HFL-1 cells irrespective of concentration of xyloside. The amount of recovered HS was highest after treatment with 100 μM XylNap in the epithelial cell lines, which had a substantial proportion of HS, whereas the amount of recovered HS was highest after treatment with 1000 μM XylNap in the fibroblastic cell lines, where the proportion of HS was minor (Supplementary data, Table SI) .
The proportion of IdoA present in CS/DS in blocks was low (≤11%) in both the PG-derived and XylNap-primed GAGs from all cell lines, except for the skin-derived CCD-1095Sk cells, where it constituted up to 25% of the GAGs ( Figure 3B ). Nevertheless, a trend towards a decreased proportion of IdoA present in CS/DS in blocks with increasing concentrations of XylNap was observed in the XylNap-primed GAGs from CCD-1095Sk cells, pgsA-745 cells and HFL-1 cells. A similar trend was indicated in the XylNapprimed GAGs from CHO-K1; however, the proportion of IdoA present in CS/DS in blocks in the PG-derived GAGs was slightly lower than in the XylNap-primed GAGs at 10 μM XylNap. In the XylNap-primed GAGs from HCC70 cells where the proportion of IdoA present in CS/DS in blocks was minor (≤3%). Overall, this suggests that the xyloside-primed GAGs become slightly less complex in terms of consecutive IdoA-containing disaccharide units with increasing concentrations of XylNap.
IdoA was present in the PG-derived and xyloside-primed GAGs not only in blocks but also as alternating or single IdoA-containing disaccharide units ( Figure 3C ). Interestingly, the proportion of IdoA present in CS/DS as alternating or single IdoA-containing disaccharide units in the XylNap-primed GAGs from the different cell lines did not decrease with increasing concentrations of XylNap as the proportion of IdoA present in CS/DS in blocks did. Instead, it peaked at 100 μM XylNap in the XylNap-primed GAGs from all cell lines except for HCC70 cells and HFL-1 cells, where it peaked at 1000 μM and 10 μM, respectively. Taking the amount of recovered GAGs into account, this suggests that the distribution of the IdoA in CS/DS is related to the amount of GAGs present; the greater the amount of recovered GAGs, the higher the proportion of IdoA present as alternating or single IdoA-containing disaccharide units.
As expected based on the proportions of HS and IdoA present in CS/DS, the proportion of GlcA present in CS/DS was higher in the XylNap-primed GAGs than in the PG-derived GAGs and was the major component (>50%) of all XylNap-primed GAGs ( Figure 3D ), except for the XylNap-primed GAGs derived from HCC70 cell after treatment with 10 μM XylNap (38% GlcA present in CS/DS). To summarize, the amount of recovered XylNap-primed GAGs was higher than the amount of recovered PG-derived GAGs and, although the amounts differed widely between the cell lines, it tended to peak after treatment with 100 μM XylNap. The XylNapprimed GAGs were in general composed primarily of CS/DS, of which a distinct proportion was IdoA. Overall, the proportion of IdoA in blocks decreased with increasing concentrations of XylNap, and the proportion of IdoA as alternating or single IdoA-containing disaccharide units peaked after treatment with 100 μM XylNap. In contrast, the proportion of HS did not follow any general trend.
The type of cell and xyloside concentration influence the CS/DS and HS disaccharide compositions of xyloside-primed GAGs
The disaccharide-fingerprinting data showed that the disaccharide composition of the PG-derived and XylNap-primed CS/DS differed between the different cell lines (Figure 4 ) (summarized in Supplementary data, Table SII ). In accordance with previously published data (Persson et al. 2016) , the PG-derived CS/DS from HCC70 cells was primarily composed of ΔUA-GalNAc,6S (55%), and to a lesser extent of ΔUA-GalNAc,4S (40%) and ΔUA-GalNAc,4S,6S (5%) ( Figure 4A ), in contrast to the PG-derived CS/ DS from CCD-1095Sk cells that was primarily composed of ΔUA-GalNAc,4S (69%), and to a lesser extent of ΔUA-GalNAc,6S (20%), ΔUA,2S-GalNAc,4S (7%), ΔUA,2S-GalNAc,6S (3%) and ΔUA-GalNAc4S,6S (2%) ( Figure 4B ).
Due to the absence of PG-derived GAGs in pgsA-745 cells and the detection of only ΔUA-GalNAc,4S disaccharides in the PGderived CS/DS from CHO-K1 cells, the CS/DS from pgsA-745 cells and CHO-K1 cells primed on XylNap after treatment with 10 μM XylNap were compared instead of the PG-derived CS/DS ( Figure 4C and D). The XylNap-primed CS/DS from pgsA-745 cells and CHO-K1 cells were composed of ΔUA-GalNAc,4S (86 and 87%, respectively) ( Figure 4C and D), but also to a low degree of ΔUA-GalNAc (8 and 2%, respectively), ΔUA-GalNAc,6S (3 and 5%, respectively), ΔUA,2S-GalNAc,4S (2 and 4%, respectively), ΔUA-GalNAc,4S,6S (1% in both) and ΔUA,2S-GalNAc,6S (<1% in both). To our knowledge, ΔUA-GalNAc,4S,6S and ΔUA,2S-GalNAc,6S have not previously been observed in CHO-K1 cells (Lawrence et al. 2008) . Thus, the formation and amplification of xyloside-primed CS/DS that accompanies xyloside treatment of cells may facilitate detection of disaccharides present at low proportions in PG-derived CS/DS.
The PG-derived CS/DS from HFL-1 cells were composed of ΔUA-GalNAc,4S (64%), ΔUA-GalNAc,6S (25%), ΔUA,2S-GalNAc,6S (4%), ΔUA,2S-GalNAc,4S (4%), ΔUA-GalNAc4S,6S (2%) and ΔUA-GalNAc (<1%), to some extent resembling the disaccharide composition of the PG-derived CS/DS from CCD-1095Sk cells ( Figure 4E ).
To estimate the influence of xyloside concentration on the CS/DS disaccharide composition, the proportion of each disaccharide in the XylNap-primed CS/DS from each cell line after treatment with each concentration was compared to that of the PG-derived CS/DS from the corresponding cell line ( Figure 4F -K). Although the disaccharide composition differed between the different cell lines, there was a general trend toward a decrease in the proportion of ΔUA-GalNAc,4S disaccharides with increasing concentrations of XylNap ( Figure 4G ). Concomitantly, either the proportion of ΔUA-GalNAc or ΔUA-GalNAc,6S disaccharides or a combination was increased ( Figure 4F and I); the ΔUA-GalNAc,6S proportion was increased in the CS/DS from HCC70 cells and CCD-1095Sk cells, the ΔUA-GalNAc proportion was increased in the CS/DS from the pgsA-745 cells and CHO-K1 cells, the proportions of both were increased in the CS/DS from the HFL-1 cells. The disulfated disaccharides remained essentially unaffected by the increase in concentration of XylNap ( Figure 4H , J, and K).
The differences in the disaccharide composition of the PG-derived and XylNap-primed HS from the different cell lines were more subtle than the differences in the disaccharide composition of the corresponding CS/DS ( Figure 5 ) (summarized in Supplementary data, Table SV), possibly due to the fact that the HS was composed primarily of one disaccharide, ΔUA-GlcNAc. The PG-derived HS from the different cell lines was composed to 45-60% of ΔUA-GlcNAc ( Figure 5A -E) and to a lesser extent of ΔUA-GlcNS (19-26%), ΔUA-GlcNAc,6S (8-14%), ΔUA,2S-GlcNS (4-10%) and ΔUA-GlcNS,6S (2-7%). In addition, the PG-derived HS from the epithelial cell lines were composed of ΔUA,2S-GlcNS,6S (4-5%), and that from HCC70 also of ΔUA,2S-GlcNAc (3%) and ΔUA,2S-GlcNAc,6S (2%). Despite the similarities in HS disaccharide composition, the average number of different disaccharides constituting the PG-derived HS was higher than that constituting the PG-derived CS/DS, suggesting a higher structural diversity in the HS.
The influence of the xyloside concentration on the HS disaccharide composition was estimated in the same way as that on the CS/DS disaccharide composition. Similarly to the CS/DS disaccharide composition, the HS disaccharide composition changed with increasing concentrations of XylNap ( Figure 5F -M). However, the HS disaccharide composition did not follow any general trend related to increasing concentrations of XylNap. For example, the proportions of ΔUA-GlcNAc, the most abundant disaccharide and altered to the greatest extent, either increased, decreased or changed inconsistently with the increasing concentrations of XylNap. The lack of distinct trends suggests that the dominating influence by the concentration of xyloside on the HS disaccharide composition may be by the type of cell.
Taken together, both the CS/DS and HS disaccharide compositions differed between the different cell lines, although the proportional differences of the disaccharides were more pronounced in the CS/DS. In the CS/DS GAGs, the proportion of ΔUA-GalNAc,4S decreased with the increasing concentrations of XylNap, and the proportions of ΔUA-GalNAc,6S and/or ΔUA-GalNAc simultaneously increased. The HS disaccharide composition also changed with the increasing concentrations of XylNap, but it did not follow any particular trend.
The type of xyloside influences the HS and CS/DS proportions of xyloside-primed GAGs
To investigate the impact of the type of xyloside on the GAG structure, xyloside-primed GAGs were isolated from culture media of HCC70 cells, CCD-1095Sk cells, pgsA-745 cells and CHO-K1 cells after treatment with 100 μM of xyloside of different types. The studied xylosides included pNP-Xyl and MU-Xyl, which are commercially available and commonly used in research, XylNapOH and XylNap, which are known to induce HS synthesis, and 2-naphthyl 1,5-dithio-β-D-xylopyranoside (dithio-XylNap; Figure 1E ), which has been shown to serve as an efficient substrate for β1,4-galactosyltransferase 7 (Thorsheim et al. 2017 ) and may therefore induce synthesis of a higher amount of GAGs than typically induced by xylosides. Because the chemical structures of the studied xylosides differ and do not constitute an adequate series (Figure 1 ), the xylosides were studied based on their hydrophobicity, which was deduced from the estimated log P values (Supplementary data, Table SVI), resulting in the following order (starting with the lowest hydrophobicity): pNP-Xyl, MU-Xyl, XylNapOH, XylNap and dithio-XylNap. Disaccharide fingerprinting was performed as described in Materials and methods, and the amount of recovered GAGs and the HS and CS/DS proportions were calculated (summarized in Supplementary data, Tables SVII-SXI) .
Treatment with the different xylosides resulted in xylosideprimed GAGs in all cell lines (Figure 6 ). The amount of recovered xyloside-primed GAGs differed between the different cell lines; when derived from HCC70 cells and CCD-1095Sk cells, the amount of recovered xyloside-primed GAGs was highest after treatment with MU-Xyl and thereafter decreased with increasing xyloside hydrophobicity. In contrast, when derived from pgsA-745 cells and CHO-K1 cells, the amount of recovered GAGs was similar irrespective of xyloside.
We, and others, have previously described differences in the proportion of HS in GAGs primed on xylosides with different aglycons (Fritz et al. 1994; Mani et al. 1998 Mani et al. , 2004 Holmqvist et al. 2013; Persson et al. 2016) . Here, we found that all investigated xylosides were capable of inducing HS by calculating the amount of recovered HS in the xyloside-primed GAGs (Supplementary data, Table SVII ). The proportion of HS in the xyloside-primed GAGs differed between the different cell lines; nevertheless, there was a general trend toward an increase in the proportion of HS with increasing xyloside hydrophobicity in all cell lines except CCD-1095Sk cells, where the overall proportions of HS were low (<3%) ( Figure 7A ). The observed trend confirms previous studies showing that the proportion of HS is influenced by the type of xyloside and, to a certain extent, by its hydrophobicity (Fritz et al. 1994) .
A cell dependence was observed also in the proportion of IdoA present in CS/DS in blocks, but in contrast to the proportion of HS, it did not follow any general trend related to xyloside hydrophobicity ( Figure 7B ), except in the xyloside-primed GAGs from CCD-ΔUA-GalNAc 1095Sk cells, where it decreased with increasing xyloside hydrophobicity (from 23% to 14%). The proportions of IdoA in CS/DS present in blocks in the xyloside-primed GAGs from HCC70 cells, pgsA-745 cells and CHO-K1 cells were similar irrespective of type of xyloside. The proportion of IdoA present in CS/DS as alternating or single IdoA-containing disaccharide units in xyloside-primed GAGs did not follow any particular trend, except in the xyloside-primed GAGs from CCD-1095Sk cells, where it, similar to the proportion of IdoA present in CS/DS in blocks, decreased with increasing xyloside hydrophobicity (from 22% to 12%; Figure 7C ). The pNP-Xyl-primed GAGs from pgsA-745 cells and the MU-Xyl-primed GAGs from CHO-K1 cells were composed to higher proportions of IdoA present in CS/DS as alternating or single IdoA-containing disaccharide units than the GAGs from the corresponding cell lines primed on the other xylosides. The changes in the proportions of IdoA in CS/DS suggest that the type of xyloside influences the complexity of CS/DS by impacting the distribution of IdoA in blocks and as alternating or single IdoA-containing disaccharide units.
The proportion of GlcA in CS/DS constituted a majority (>50%) of all XylNap-primed GAGs and differed depending on the type of xyloside but did not follow any trend based on the type of xyloside or xyloside hydrophobicity ( Figure 7D ).
To summarize, the impact of the type of xyloside on the amount of recovered xyloside-primed GAGs was dependent on the type of cell. Nevertheless, in cell lines where the amount of recovered xyloside-primed GAGs was influenced by the type of xyloside, there was a peak in amount of recovered GAGs at a certain xyloside hydrophobicity. There was a trend toward an increase in the proportion of HS with increasing xyloside hydrophobicity, in contrast to the proportion and distribution of IdoA in CS/DS, which, although influenced by the type of xyloside, did not follow any particular trend based on xyloside hydrophobicity.
The type of xyloside influences the CS/DS disaccharide composition of xyloside-primed GAGs, in contrast to the HS disaccharide composition, which is influenced to a lesser extent
To estimate the influence of xyloside hydrophobicity on the CS/DS and HS disaccharide composition, the proportion of each disaccharide from each cell line primed on each type of xyloside was compared to that of the CS/DS or HS from the corresponding cell line primed on pNP-Xyl, which has the lowest hydrophobicity (Figures 8  and 9 ; summarized in Supplementary data, Tables SVIII and SXI) . Similar to the disaccharide composition of the PG-derived CS/DS, the disaccharide composition of the pNP-Xyl-primed CS/DS clearly differed between the different cell lines (Figure 8A-D) . The difference in disaccharide composition between pgsA-745 cell and CHO-K1 cells was more pronounced after treatment with 100 μM pNPXyl (20 and 10% ΔUA-GalNAc, respectively; Figure 8C and D) than after treatment with 10 μM XylNap (8% and 2% ΔUA-GalNAc, respectively; Figure 4C and D).
As with the increasing concentrations of XylNap, the proportion of ΔUA-GalNAc,4S decreased with increasing xyloside hydrophobicity ( Figure 8F ), accompanied by an increase in proportion of either ΔUA-GalNAc,6S or ΔUA-GalNAc ( Figure 8E and H). However, the trend was neither as explicit nor were the differences in the proportions of the CS/DS disaccharides as great as those observed based on xyloside concentration. The proportions of the disulfated disaccharides remained essentially the same irrespective of the type of xyloside ( Figure 8G , I and J). These results suggest that hydrophobicity could be one parameter that influences the disaccharide composition of xyloside-primed CS/DS, but those other parameters may also be of importance.
The disaccharide composition of the pNP-XylNap-primed HS differed from that of the PG-derived HS in that it was composed of fewer disaccharides ( Figure 9B -F, compare to Figure 5B-E) ; only the pNP-Xyl-primed HS derived from HCC70 cells were composed of the same disaccharides as the PG-derived HS ( Figure 9A , and Figure 5A ). The pNP-Xyl-primed HS from CCD-1095Sk cells and CHO-K1 cells were composed of ΔUA-GlcNAc, ΔUA-GlcNS and ΔUA,2S-GlcNS, and those from pgsA-745 cells of only ΔUA-GlcNAc and ΔUA-GlcNS (Figure 9C and D) . This may reflect the low proportion of HS in these GAGs, as the XylNapOH-primed GAGs from both pgsA-745 cells and CHO-K1 cells, which were composed to a higher proportion of HS than the pNP-Xyl-primed GAGs, were composed of additional disaccharides ( Figure 9E and F) .
Comparison of the disaccharide composition of the HS primed on different xylosides showed little variation and did not display any distinct trends, with the exception of pNP-Xyl-primed HS from pgsA-745 cells and pNP-Xyl-and MU-Xyl-primed HS from CHO-K1 cells, as previously stated in Results ( Figure 9G-N) . However, the results do not preclude differences in the sequential order of the disaccharides.
As previously mentioned in Results, the amount of recovered GAGs from HFL-1 cells did not follow the same trend based on concentrations of XylNap as the GAGs recovered from the other cell lines. Also when introducing other types of xylosides, the HFL-1 cells behaved differently; treatment with 100 μM XylNapOH resulted in similar amount of recovered xyloside-primed GAGs as treatment with 10 μM XylNap did ( Figure 10A ). Interestingly, these GAGs also had similar CS/DS and HS disaccharide compositions ( Figure 10B and C) , suggesting that in addition to the xyloside concentration and type of xyloside, the total amount of xyloside-primed GAGs produced by a certain cell influences the disaccharide composition.
Overall, the differences between the different cell lines in the GAG disaccharide composition were observed also after treatment with different types of xylosides. In the CS/DS, the proportion of ΔUA-GalNAc,4S decreased with increasing xyloside hydrophobicity, whereas the proportions of ΔUA-GalNAc,6S and/or ΔUA-GalNAc increased. This trend was not as explicit as that based on the concentrations of xyloside, suggesting that other parameters than xyloside hydrophobicity may influence the CS/DS disaccharide composition. The HS disaccharide composition was similar irrespective of the type of xyloside except when there were large differences in amount of HS produced. Accordingly, the amount of xyloside-primed GAGs produced appeared to influence the disaccharide composition.
Discussion
The administration of xylosides to living cells most often results in a dramatic increase in GAG production, likely due to the increase in concentration of xylose substrate in the Golgi. The total amount of GAGs produced is, however, influenced by several parameters, such as type of cell, xyloside concentration, type of xyloside, cell batch and cell passage (Schwartz et al. 1974; Victor et al. 2009; Persson et al. 2016) . If aiming to generate as much xyloside-primed GAGs as possible from a certain type of cell, our current data suggest that the xyloside concentration would be the primary parameter to adjust and that 100 μM of xyloside would serve as an adequate starting-point. The relative decrease in production of xylosideprimed GAGs at higher concentrations could be related to substrate inhibition of one or several enzymes in the GAG biosynthesis. For example, substrate inhibition of β-1,4-galactosyltransferase 7, the enzyme responsible for catalyzing the transfer of the first galactose in the linkage region, by different xylosides has been demonstrated (Siegbahn et al. 2015) . Alternatively, administration of xylosides at higher concentrations could start to affect the proliferation of the cells (Kolset et al. 1990) , thereby resulting in a decrease in GAG biosynthesis. The hydrophobicity of the xyloside is another parameter 
and ΔUA,2S-GlcNS,6S (N) in the xyloside-primed HS isolated from HCC70 cells (black), CCD-1095Sk cells (gray), pgsA-745 cells (blue) and CHO-K1 cells (yellow) after treatment with 100 μM of pNP-Xyl, MU-Xyl, XylNapOH, XylNap, and dithio-XylNap (the latter only in HCC70 cells and CCD-1095Sk cells). The proportion of each disaccharide was subtracted with the proportion of the same disaccharide from the corresponding pNP-Xyl-primed HS when the GAGs were derived from HCC70 cells and CCD-1095Sk cells, and MU-Xyl-primed HS when the GAGs were derived from pgsA-745 cells and CHO-K1 cells. The xylosides were ordered based on their hydrophobicity, going from the lowest to the highest hydrophobicity.
to consider when aiming to generate as much xyloside-primed GAGs as possible, as there may be an optimum in hydrophobicity for maximal GAG priming, either related to the uptake of the xylosides into the cells and the Golgi or to factors downstream that influence GAG polymerization. Although the structure of GAGs are influenced by several parameters, the type of cell is probably the most important parameter to take into consideration when aiming to produce GAGs with different structures, as the GAG structure appears to be both directly and indirectly related to the type of cell. A direct influence is exemplified by the demonstrated differences in structure of PG-derived and xyloside-primed GAGs derived from the different cell lines, even between pgsA-745 cells and CHO-K1 cells, which differ from each other by the presence or absence of xylosyltransferase (Esko et al. 1985) . Indirect influences were evident in the extent to which the xyloside concentration and type of xyloside impacted the structure of the GAGs from each type of cell. In addition, some of the trends related to increasing concentrations of xyloside or xyloside hydrophobicity were exclusively observed in the GAGs of some of the investigated cell lines.
Xylosides are known to primarily induce the formation of CS/ DS; however, we have here shown that by adjusting the concentration of XylNap and/or the type of xyloside, it is possible to increase the amount of recovered xyloside-primed HS. In the fibroblastic cells, where the proportion of HS was low irrespective of XylNap concentration, the highest amount of recovered HS was obtained after treatment with 1000 μM XylNap. In contrast, in the epithelial cells, where the GAGs were composed of a substantial proportion of HS, the amount of recovered HS peaked at 100 μM XylNap. In addition, the proportion of HS increased with increasing xyloside hydrophobicity, and thereby the total amount of HS was influenced by the amount of GAGs produced. In those cells where the amount of GAGs was similar irrespective of xyloside hydrophobicity, the highest amount of recovered HS was obtained after treatment with the xyloside with the highest hydrophobicity. In those cells that had an optimum in the amount of recovered GAGs based on the xyloside hydrophobicity, the absolute amount of HS instead increased with increasing amount of recovered GAGs. Overall, the extent to which the xyloside concentration and the type of xyloside influenced the production of xyloside-primed HS was dependent on the type of cell, suggesting that empirical optimization is needed when aiming to obtain as much xyloside-primed HS as possible.
The domain organization in the GAG chains is believed to differ somewhat between HS and CS/DS; HS has distinct nonmodified N-acetylated domains, highly modified N-sulfated domains and intermediately modified domains containing alternating N-acetylated and N-sulfated disaccharide units between the nonmodified and highly modified domains (Turnbull et al. 2001) , whereas CS/DS can be O-sulfated throughout the chain, and may contain GlcA in blocks, IdoA in blocks and alternating or single IdoA-containing disaccharide units in between (Cheng et al. 1994 ). These differences could provide an explanation to some of our observations: although the average number of different disaccharides present in the HS was found to be higher than that in the CS/DS, the disaccharide composition of the HS varied less between different types of cells than the disaccharide composition of the CS/DS. In addition, the disaccharide composition of HS was affected to a lesser extent than that of CS/DS by the xyloside concentration and type of xyloside. We have recently reported cytotoxic effects of CS/DS from HCC70 cells primed on XylNap or XylNapOH and shown that the HS from the same cells primed on XylNap, but not on XylNapOH, can inhibit the cytotoxic effect (Persson et al. 2016) . As confirmed here, the HS disaccharide composition of XylNap-and XylNapOH-primed GAGs is overall similar, suggesting either that minor differences are critical for biological function or that the orchestration of the disaccharides differs between the HS primed on XylNap and XylNapOH. Disaccharide fingerprinting is an appropriate method to obtain an overview of the GAGs produced by a certain type of cell, however, it may not be suitable to detect minor, and perhaps critical, differences between GAGs. This may particularly apply to HS, as it is commonly composed to a high degree of nonsulfated disaccharides (as observed here and in (Li et al. 2015) ). Relatively little is known regarding the presence and distribution of IdoA in xyloside-primed CS/DS (Cöster et al. 1991; Vassal-Stermann et al. 2012; Persson et al. 2016) . Here, we demonstrated that IdoA was present at various proportions both in blocks and alternating or single IdoA-containing disaccharide units in the xyloside-primed CS/DS from all the investigated cell lines. In general, the proportion of IdoA in blocks decreased with increasing xyloside concentration. The proportion of IdoA distributed as alternating or single IdoA-containing disaccharide units, on the other hand, tended to increase with increasing amount of XylNap-primed GAGs resulting from the increase in concentration of XylNap. The IdoA distribution was also influenced by the type of xyloside but did not follow any trend based on increasing xyloside hydrophobicity. Thus, the proportion and distribution of IdoA in CS/DS are not solely cell-specific but can be adjusted by the xyloside concentration and the type of xyloside. Due to the involvement of several parameters, empirical optimization is yet again needed when aiming for a certain proportion or distribution of IdoA in CS/DS.
The disaccharide composition of CS/DS primed on pNP-Xyl has previously been shown to change with increasing concentrations of pNP-Xyl in skin fibroblasts, with the proportion of ΔUA-GalNAc,4S decreasing and those of ΔUA-GalNAc,6S and ΔUA-GalNAc increasing (Cöster et al. 1991) . Here, we observed a similar change with increasing concentrations of XylNap in five different cell lines, despite the fact that the disaccharide composition differed between the xyloside-primed CS/DS from different cell lines. We have previously suggested that the disaccharide composition of xyloside-primed GAGs is cell-dependent rather than xylosidedependent, based on the disaccharide composition of XylNap-and XylNapOH-primed GAGs from HCC70 cells and CCD-1095Sk cells (Persson et al. 2016) . However, by including several xylosides with different aglycons or substituents, having a broader range of hydrophobicity, our current results suggest that the type of xyloside also influences the CS/DS disaccharide composition. A decrease in proportion of ΔUA-GalNAc,4S and increases in proportion of ΔUA-GalNAc,6S and/or ΔUA-GalNAc were observed also in GAGs primed on different types of xylosides with increasing hydrophobicity. In addition to the type of cell, xyloside concentration, xyloside hydrophobicity and the amount of GAGs produced, other parameters may be of importance for the GAG structure. To further investigate the impact of the type of xyloside on the disaccharide composition and the possibilities and limits in structural fine-tuning of GAGs using different types of xylosides, future studies should include other series based on, for example, substituents in the aglycon or a broader range of hydrophobicity.
Our current data demonstrate that it is possible to produce large quantities of GAGs and to adjust their structure by using xylosides of different types and at different concentrations. In a forward-looking sense, this potentiates the use of xyloside-primed GAGs in different biotechnological applications, such as development of functional screening methods and methods for structural sequencing of GAGs.
Materials and methods
Cell culture
Human breast carcinoma cells, HCC70, human breast fibroblasts, CCD-1095Sk, xylosyltransferase-deficient CHO cells, pgsA-745, CHO cells, CHO-K1, and human lung fibroblasts, HFL-1, were obtained from ATCC and cultured according to ATCC's instructions.
Xylosides 2-naphthol β-D-xylopyranoside, 2-(6-hydroxynaphthyl) β-D-xylopyranoside and 2-naphthyl 1,5-dithio-β-D-xylopyranoside were synthesized as previously described (Fritz et al. 1994; Mani et al. 1998; Thorsheim et al. 2017) . 4-Methylumbelliferyl β-D-xylopyranoside and p-nitrophenyl β-D-xylopyranoside were obtained from SigmaAldrich.
Isolation of xyloside-primed GAGs from culture media
The procedure has been described in detail previously (Mani et al. 1998; Persson et al. 2016) . Briefly, the cells were cultured in T25 or T75 flasks (Thermo Scientific) to ∼70% confluence and then preincubated in DME/F12 medium supplemented with 10 μg/mL insulin, 25 μg/mL transferrin (all from Sigma-Aldrich), 2 mM L-glutamine, 100 units/mL penicillin, 100 μg/mL streptomycin (from Thermo Scientific) and 10 ng/mL EGF (Corning) for 24 h. Subsequently, the cells were incubated in fresh medium without or with 10 μM, 100 μM or 1000 μM of xyloside. For CHO cells and pgsA-745 cells, EX-CELL™ 325 PF CHO medium (Sigma-Aldrich) supplemented with 2 mM L-glutamine, 100 units/mL penicillin and 100 μg/mL streptomycin were used. For radiolabeling of PG-derived GAGs, the medium was supplemented with 5 μCi/mL [ 35 S]sulfate. The HCC70 cells, CCD-1095Sk cells and HFL-1 cells were treated for 48 h, whereas the pgsA-745 cells and CHO-K1 cells were treated for 24 h to assure their viability was not impaired. After the given incubation time, the cell media were collected and subjected to ion-exchange chromatography, and for the xyloside-supplemented media also hydrophobic interaction chromatography. The GAGs were precipitated and further purified on size-exclusion chromatography HPLC using a Superose 12 HR 10/30 column and collected based on fluorescence (xyloside-primed GAGs) or radioactivity/UV (nonfluorescent xyloside-primed GAGs and PG-derived GAGs). Finally, the GAGs were freeze-dried and quantified roughly using the 1,9-dimethylmethylene blue method (Farndale et al. 1982) .
Disaccharide fingerprinting of GAGs
The method has been described previously (Stachtea et al. 2015; Persson et al. 2016 . Heparinase II and III degradation of heparin resulted in the corresponding degradation profile as degradation with heparinase I-III did (data not shown), and since heparinase I is active primarily toward highly modified regions such as those present in heparin (Linhardt et al. 1990) , only the heparinase II and III were used. The disaccharides were then labeled with 2-aminoacridone before separation on an XBridge BEH Shield RP18 (2.1 × 100 mm, 2.5 μm) column (Waters). The experiments were performed once where each series were run at the same time. The identity, quantity and proportion of each disaccharide were determined using disaccharide standards (Iduron) subjected to the corresponding labeling and separation. The proportions of HS, IdoA in CS/DS present in blocks (IdoA Alt/single in CS/DS) and as alternating or single IdoA-containing disaccharide units (IdoA Alt/single in CS/DS), and GlcA in CS/DS were calculated using equations (1) where m is the mass (in ng) calculated based on the disaccharide data after degradation with the indicated enzymes (Persson et al. 2016) . Eq. (2) and (3) were generated based on the cleavage sites of chondroitinase AC-I and -II and chondroitinase B (Linhardt et al. 2006 ). All equations are based on the assumption that the degradations have gone to completion.
Supplementary data
Supplementary data are available at GLYCOBIOLOGY online.
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